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i N d e e P w At e R , below the photic zone, still and video imaging of the seabed requires artificial lighting. Light absorption and backscatter caused by typical seawater components, such as dissolved organic matter, plankton, and inorganic particles, often limit the artificially lit area to a few square meters.
To obtain high-resolution photographic data of larger seabed areas, a series of images can be compiled into a photo mosaic.
Image mosaics are easier to interpret, communicate, and exhibit than video footage or a series of images, because the individual image frames in a photo mosaic are naturally represented in a spatial context. The ideal photo mosaic should provide an overview of the area of interest and the distribution, size, position, and orientation of the objects found. The final result should include all the details captured in the initial images. Marine archaeologists and biologists are typical users of this technology. The information provided by a photo mosaic can help archaeologists reconstruct the sequence of events that formed the features in an underwater investigation site. In marine biology, photo mosaics can be used to document habitats by identifying morphological characteristics of present taxa (e.g., size and color), density, area coverage, substrate, and interactions between individuals.
Oceanography Vol. 20, No. 4 Beginning in the 1960s, underwater photo mosaics were produced by physically stitching images together to create new images from the arrangements of individual picture frames. One of the first examples of underwater photo mosaics in the literature shows the sunken submarine Thresher (Ballard, 1975) . The photo mosaic of the sunken passenger ship Titanic (Ballard, 1987 (Xu and Negahdaripour, 1997; Gracias and Santos-Victor, 2001; Vincent et al., 2003; Eustice, 2005) .
Successful applications of photo mosaicking include archaeological imaging by Ballard et al. (2000) and Singh et al. (2004a) as well as marine biological photo mosaics for species inventory (Singh et al., 2004b) and spectral image analysis to map the abundance of bacterial mats (Jerosh et al., 2007) .
Today, high-resolution data can be used to generate a complete overview of a seascape and details of organisms, substrate, and artifacts. Likewise, high-resolution images can be used to generate three-dimensional images of objects of interest. Geo-localized and high-resolution images are important for revisits to a given site or object of inter- Norwegian cultural heritage authorities requested a marine archaeological survey of the pipeline routes for the gas field, which led to the discovery of a historical shipwreck close to the pipeline route at 170 m depth. The field developer was ordered to conduct a detailed investigation of the site (Søreide and Jasinski, 2005) . Two of the photo mosaics resulting from this detailed investigation are presented in this study. The first covers the whole wreck site, while the second shows a condensed area at the stern of the wreck where sediment was removed to uncover historical artifacts.
Methods ANd MAteRiAl s Underwater Vehicles
The work at the marine biology site was The WROV was moved in x and y directions by rack rails and gear motors, as described by Søreide and Jasinski (2005) . 
Camera and light Configuration

Marine Biological Survey
During data acquisition for the marine biological study, the ROV followed horizontal paths along a vertical wall, with each path one meter shallower than the previous one, so that the rock wall was covered in a back-and-forth pattern similar to mowing a lawn. The ROV heading was kept constant so that the cameras always pointed toward the wall while the vehicle moved sideways. Approximately 550 images were used in the resulting photo mosaic shown in Figure 5 . Due to varying current conditions at the site, it was difficult to keep the vehicle velocity constant and hence the velocity was kept lower than the theo- More details on Zernike moments can be found in Khotanzad and Hong (1990) . 
Re sUlts Marine Biological example
The area shown in Figure 3 
Image Blending
To make the mosaic appear seamless, it is necessary to avoid steps in image intensity on the borders between the images.
After the topology has been estimated, intensity steps are reduced by merging the images in a process called blending (based on Burt and Adelson, 1983) .
In the first step of the blending process, 
Marine Archaeological example
The photo mosaic in Figure 5 shows great potential for identifying the present seabed compounds (Kirk, 1994) .
Geometrical Distortions and Corrections
In the marine biological example, the extents of the subjects along the image axis were large. This causes geometrical distortions when the three-dimensional topography is projected to two dimensions in the resulting photo mosaics.
In Figures 3 and 4 (e.g., Heikkila and Silven, 1997; Zhang, 1999) . To further enhance the geometrical consistency of photo mosaics, mosaic processing and image matching should be done in three dimensions so that a fully three-dimensional scene can be extracted (Pizarro, 2003) . This will require instrumentation on the underwater vehicle to measure the position and orientation of the camera for each image. Three-dimensional processing can be used to document the bathymetry of the site in high resolution. But, to reduce the geometrical distortions of a two-dimensional photo mosaic, the three-dimensional scene could be used to reproject the images into a twodimensional scene.
Quality Control
To increase the integrity of the information in photo mosaics, a procedure for quality control should be established.
The simplest way to do this would be to physically place a linear scale bar in the imaged area and compare the dimension and shape of the scale bar with the known values.
Measuring the quality of the topology estimate represents a more sophisticated quality control (Pizarro, 2003 (Fitzgibbon and Zisserman, 1998) .
Alternative survey Methods
Other high-resolution documentation methods are available for biological and archaeological research surveys.
Laser line scanners, available since the early 1970s (Funk et al., 1972) , are effective and produce clear images, but the resulting imagery is monochrome and less detailed than images from optical cameras. Interesting for biologists, the laser line scanner can be used to record fluorescence to measure, for example, the presence of chlorophyll at a site (Jaffe et al., 2001) . The most important disadvantages of laser line scanners are, however, complexity, availability, and price. 
